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Summary: -.

As proposed, we have initiated an effort to make high quality
three-dimensional electron gases in semiconductors. We are making
these structures by molecular beam epitaxy techniques using
modulation doping to reduce impurity scattering and compositional
grading techniques to control charge density profiles. We are
collaborating with the Westervelt and Halperin groups at Harvard for
high field and low temperature measurements and for search for
electronic ordering phenomena. We are working with groups at
Santa Barbara for probing the structures optically and looking for
infrared frequency properties of the materials.

Work Statement:



In this research, we are exploring the production of high-
quality three-dimensional electron systems of controlled density' by
growth of compostionally-graded, remotely-doped potential well
structures. We will use computer-controlled molecular beam epitaxy
to produce ultra-fine semiconductor superlattices with
programmable composition gradients. We will produce conduction-
band potential wells which are equivalent to the potential profiles of
fixed pseudo-charge distributions but which are smoother than the
spiked, strongly-scattering potential distributions associated with
discrete dopant ions. We will introduce conduction electrons into the
compositionally graded wells by remote doping of barrier regions.
The electrons will distribute themselves in such a way as to screen
the background potential and produce a uniform electrostatic
potential and a uniform conduction electron charge distribution. We
will also generate other potential profiles in order to create a range
of additional carrier profiles. We will work originally with the
GaAs/AlAs semiconductor system. One of the first uses of the
structures to be grown under this proposal will be the search for
predicted new ordered states of the electrons by collaborators at
Harvard. We will use the results of the characterizations of the
structures to further elucidate the molecular beam epitaxy process
and we will examine possible uses of the three-dimensional electron
gas in electronic and optical devices.

In pursuing this proposal, we will 1) develop procedures for
the monitoring and computerized growth of precision graded-
potential structures; 2) calculate and observe residual quantum
effects in the structures; 3) electrically contact the structures and
perform electrical and optical characterizations of them; 4) grow
structures for observation of the predicted electronic ordering
phenomena; and 5) grow structures for observation of additional new
electronic phenomena and development of possible new device
concepts.

Accomplishments:

1. The Santa Barbara molecular beam epitaxy laboratory is fully
operational. Two new Varian Modular Gen II molecular beam
epitaxy apparatuses have been set up and are growing
semiconductor materials with state of the art electrical, optical and
structural properties. Molecular beam fluxes have been calibrated
with high speed ion gauge measurements. The modulation-doped
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graded potential well structures needed for the three-dimensional
electron gas are being grown under computer-control.

2. The band-bending and charge distributions expected in the
three-dimensional electron structures have been modelled and
calculated self-consistently. The results of this work, along with a
report on the MBE growth and properties of the first samples, have
been published in the paper, "Remotely-doped graded potential well
structures", M. Sundaram, A. C. Gossard, J. H. English, and R. M.
Westervelt, Superlattices and Microstructures 4, pp. 683-691 (1988).
A copy of this paper is attached to this report. The interesting result
of the simulations is that the carrier density in the central region of
parabolically shaped potential wells is remarkably uniform and
constant, even when the total doped carrier concentrations vary by
over an order of magnitude. This is illustrated in Figure 1, which
shows the computed carrier concentration profiles in a set of
modulation-doped parabolic wells containing from one eighth to
eight times the number of carriers needed to just fill the wells to a
uniform carrier concentration.

3. More than two dozen successful structures have been grown.
Structures were grown both for testing and calibration and for
studies of the three dimensional electron gas. A typical layer
structure and band diagram depicting the chief design parameters of
interest are shown in Figure 2. The structural dimensions and
compositions for a typical three dimensional electron gas sample,
along with the carrier concentration and carrier mobility, are
presented in Figure 3. Mobilities of up to 2X10 5 cm 2 /Vs (T=4.2K)
were observed (the design parameters for this sample are given in
Table 1), in spite of the presence of aluminum in the wells and
forward and reverse heterostructure interfaces in the structures.
Mobility vs temperature and concentration vs temperature plots for
another typical sample, the structural parameters for which are
presented in Table 2, are shown in Figure 4. Although these
mobilities are not as high as in pure GaAs quantum wells and
heterojunctions (in which alloy scattering is not present), they are
amply high enough to observe magnetoquantum behavior and should
be high enough to look for electron ordering phenomena like the
predicted Celli-Mermin spin density wave formation.

4. Among the samples for testing were undoped graded
structures, in which the potential profiles within the compositionally
graded regions were examined by observations of photoluminescence



BAND DIAGRAMS AND ELECTRON DISTRIBUTION
FOR DIFFERENT BARRIER DOPINGS:
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We see that the electron distribution remains approximately
uniform over most of the well for a large range of barrier
dopings, the excess or deficit being Inserted or extracted
from the well edges.

Fig. 1
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TYPICAL PARABOLIC WELL STRUCTURE GROWN
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Structural Darameters for samDle 1

Parameter Value

A 1 0.155eV

A 2  0.143eV

2a 2000A

b iooA

n d 2.1x1O 17cm3

setback 200A

XAI well-centre 0

XAI-we ll 'edge 0.2

X Albarrier 0.4
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TABtLE2

Irucra I ramt s for SaMDIe 2

Al 0.155eV

A 2  0.081eOV

2a 200oA

b 120A

n d 5.OxlO 17cmW

setback 20oA

x AI well-centre 0

XAl-welledge 0.2

X Al-barrier 0.3



and photoluminescence excitation spectroscopy in the laboratory of
Professor James L. Merz and visiting researcher Dr. Perolaf Holtz.
This principle is illustrated in Figure 5. An example of an excitation
spectrum of a multilayer sample consisting of 10 parabolically
shaped undoped quantum wells is shown in Figure 6. The uniform
spacing of the principal transitions reflects the parabolic shape of the
profile, while the sharpness of the spectral lines indicates the
reproducibility of the wells. The widths of the wells must be equal
to within approximately one part in 20 to produce such a spectrum.

5. Another set of samples was grown in order to study the charge
distributions within the structures by means of capacitance
measurements. These structures were modulation doped parabolic
well structures grown on conducting substrates. The capacitance
characteristics expected for electrons in graded composition
structures were modeled by a computer calculation for comparison
with the experimentally observed behavior. These calculations are
the first computation of capacitance characteristics for graded
modulation doped structures and appear to model the experimental
results in a range of samples very successfully. For instance, Figure
7 shows the calculated actual electron profile and the apparent
electron profile that would be observed in a CV measurement. Also
shown is the doping profile, for a 2000 A wide parabolic well (with a
curvature corresponding to about 2e16 cm - 3 ) structure that is
doped everywhere except in the well itself. Figure 8 shows a
measured apparent profile and the recontructed fit, for such a
design. Comparison with experiment shows that the symmetry of
charge distributions in the potential wells can be strongly dependent
on growth conditions. Growth methods involving superlattice buffer
layers were then used which successfully avoided unwanted
asymmetries in charge distributions. Figure 9 shows the measured
and reconstructed profiles for a sample grown incorporating these
changes. The calculations and experimental results for the
capacitance behavior are being written in a paper which is in the
final stages of preparation and which we will submit to the Journal of
Applied Physics.

6. Approximately 4 different samples of modulation doped
parabolic wells were sent to Harvard, where Professor Robert
Westervelt and his students have made low temperature and high
magnetic field measurements on them. They have observed the
quantum Hall effect in these structures when several quantum
subbands are occupied and have reported their findings at
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LAYER STRUCTURE:
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PHOTOLUMINESCENCE DATA

Photoluminescence excitation (PLE) spectrum of parabolic
quantum well reflecting harmonic-oscillator like transitions
between electron and heavy-hole states.
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conferences on high magnetic fields and on superlattices,
microstructures and microdevices. A published report of the work
will soon appear in Physical Review B, Rapid Communications in a
paper entitled "Quantum Hall Effect in Wide Parabolic GaAs/AlGaAs
Wells", by E. G. Gwinn, R. M. Westervelt, P. F. Hopkins, A. J. Rimberg,
M. Sundaram, and A. C. Gossard. Manuscripts of this paper and the
conference presentations are attached to this report. The structures
exhibit both integral and fractional quantum Hall effect and show a
transition from two toward three dimensional behavior as
photoinduced carriers are added to the wells.

Future Plans:

In the next few months, we will exploit the added information
now available from the capacitance and other characterization
techniques to produce increasingly ideal structures for study of the
high magnetic field ordering phenomena.

The parabolically graded structures may offer potentially
interesting infrared behavior which is related to electron plasma
motion in the parabolic potentials. Some of our initial thoughts in
this direction are presented in a patent disclosure by Joe Maserjian,
who visited Santa Barbara from the Jet Propulsion Laboratory during
the year, and proposed a tuneable source of infrared radiation based
on a modified parabolic structure. A copy of this disclosure, entitled
"Tunable Submillimeter Wave Generator", is attached to this report.

We plan to make initial measurements of the infrared
properties of the materials by means of Fourier transform infrared
spectrometry, which is available to us through collaborations with
the staff and students of the Quantum Institute, under Professor
Jaccarino's direction here in Santa Barbara. An added possibility
available to us through this channel is study of the structures in the
intense tunable infrared beam of the Institute's free electron laser.
We are initiating work in this direction through collaboration with
newly arrived Assistant Professor Mark Sherwin, who will be making
observations with the free electron laser on our materials and
searching for nonlinear or chaotic responses in the infrared
photoconductivity of the structures.



We will also hope to explore -I,,-trical transport in the third
dimension and possible applications of ti..- controlled electron
density structures that we are building, to gated electronic devices.

Personnel:

The graduate student who has had major responsibility in all
aspects of this research is Mr. Mani Sundaram. He is an outstanding
third year student with excellent analytical and experimental skills
who, among other honors, is a University of California Regents Fellow
and topped his cadre in our PhD screening examination. Before
starting the present research he had experience in Professor Steve
Long's group in field effect transistor studies.

The newly arrived visiting researcher who will be working on
this research is Dr. Achim Wixforth. He received his PhD degree one
year ago at the University of Hamburg in the group of Professor Jorg
Kotthaus and has just completed the first year of a six year junior
faculty appointment at Hamburg in one of the best programs in
Europe in low dimensional structures. He brings expertise in
measurements, fabrication, and quantum physics to our effort.

Mr. John English, who worked with me at Bell Laboratories, is
an important part of our research effort. He is supported as a Senior
Development Engineer with hard money by the University of
California. He has been extraordinarily valuable in setting up the
laboratory and supervising its smooth operation and the growth of
the materials.
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REMOTELY-DOPED GRADED POTENTIAL WELL STRUCTURES

M. Sundaram, A. C. Gossar/, and 1. H. English
Dept of Electrical and Computer Engineering, and Materials Dept.

University of California, Santa Barbara, CA 93106
(805) 961-8154

&

R. M. Westervelt
Division of Applied Sciences and Department of Physics

Harvard University, Cambridge, MA 02138
(Received: 15 April. 1988)

We present a new method to obtain high-mobility three-dimensional electron gas systems.
We have achieved control of carrier density and of carrier profile by growth of the first
remotely-doped parabolic potential well structures. Computer-controlled molecular bem
epitaxy is used to grow a layer of ulta-fine superlatices with a programmable composition
gradient. This produces conduction-band potentials which, in the absence of doping, are
equivalent to the potential profiles of fixed charge distributions. When conduction electrons
are introduced into these graded wells through remote doping of the barrier regions, they
distribute themselves in such a way as to produce a uniform chemical potential at thermal
equilibrium. We illustrate through computer simulations employing Fermi statistics that
electrons introduced into a wide parabolic potential well distribute themselves uniformly.
More significantly, the carrier distribution in the well is remarkably insensitive to the
dopant sheet charge in the barrier, the more so at lower temperatures. We have fabricated
remotely-doped graded potential well structures of the proposed type by molecular beam
epitaxy. These structures exhibit the above effects. Measured mobilities of such hree-
dimensional electron gases grown using the GaAs/AlGa.,As system are higher than those

of bulk-doped GaAs doped to give the same uniform electon concentration.

1. INTRODUCTION For example, the ground state of a uniform electron
gas in a semiconductor, at low temperature and in the

In this paper, we explore a means for producing presence of a strong magnetic field, is predicted to undergo
high-mobility conduction electron gases of uniform and a spin density wave transition to an ordered state with
controlled density in semiconductors. highly anisotropic conductivity 3 . But scattering from

A useful construct in the theory of electrons in matter dopant ion cores and insulating transitions caused by
has been the concept of jellium: a neutral medium electron binding to ion cores have thus far prevented
consisting of an electron gas moving in a uniform observation of the predicted spin density wave state.

positively-charged background 1. Such a hypothetical The experimental situation for the two-dimensional

construction permits the calculation of the properties of a electron gas has been considerably better. The modulation-

distributed electron gas without having to include the doped semiconductor heterostructure4 and the metal-
effects of the discretely charged ion cores of the host or oxide-semiconductor transistor have provided two-
dopant atoms in real solids. These calculations predict a dimensional electron gases confined at interfaces and
number of interesting many-electron effects, many of moving with high mobility in channels containing no
which have not been observed experimentally , because of dopant ions. And. in these structures, the novel ordering

the difficulty of obtainingjeliun in real solids2 .  phenomena of the quantum Hall effect5 and the fractional

0749-6036/88/060683 + 09 $02.00/0 © 1988 Academic Press Limited



684 Superlartices and Microstructures. Vol. 4. No. 6. 19,

quantum Hall effect6 have been observed. However. the constant permitivity case. due to the resulting scaling, are
charges on the barriers or gates and the electron gases in small.
these structures introduce electric fields which have The graded-composition concept is entirely general
eretofost precluded moe uniform electiron distributions, and is applicable to more than the simple case of the

Pulse-doped semiconductors offer only minor parabolic potential considered in this paper. A conducton-
improvement in the problems of electron scattering by band potential. in the absence of doping. exactly mimics
dopant ions and low temperature carrier f reeze-out that the potential of the fixed quasi-charge background
plague doped bulk semiconductors7. distribution that is proportional to its second derivative. If

Thus, there has not been comparable progress in the conduction electrons are introduced into such a potential
production of high-quality three-dimensional electron through remote doping of the barrier regions, they would
gases, redistribute themselves in such a way as to screen out the

The concept that we introduce heme to achieve a background potential and produce a uniform electro.
uniform electron charge distribution without strongly- chemical potential at thermal equilibrium. Thi!
scattering ionic charge centers is a potential well with a redistribution mechanism can be exploited to generate
graded composition profile and with conduction electrons large variety of carrier proffies.
introduced remotely from doped barrier layers. In the The alloy-produced profile can be made muck
absence of conduction electrons, the conduction band-edge smoother than the spiked, strongly-scattering potentia
potential, Ec(z), of the semiconductor is dependent on its distributions of discrete dopant ions As the carriers in th,
composition, often varying linearly with composition. A remotely-doped stuctmre am isolated from the dopan ions
graded composition profile leads to a graded band-edge the mobility of such an electron gas, even in the presenc
profile, of alloy-disorder scattering. should be significantly highe

The profile that is of particular interest to us is the than for a similarly doped bulk semiconductor.
parabolic potential profile inasmuch as such a profile
exactly mimics the potential of a uniform positive quasi-
charge distribution, p, where: L SIMULATION RESULTS

Eg(z) qP (I) To explore the wide parabolic well saucture in sort

&z2  e deail, consider Figs. 1. Fig. Ia shows the layer structu:
Conduction electrons can then be introduced of the parabolic well with the doped barrier layers, ar

remotely into this graded region by doping barrier layers, Fig. lb the energy band diagram as it would look if the
having a higher conduction band edge, with donor atoms, were no doping in the barrier layers, negligible residu
whose electron charge transfers into the parabolic 'ell. background doping, and uniform dielectric permittvity a2
The charge transferred into the well will be distributed in effective electron mass throughout the sample. The desi;
such a way as to screen out the background potential and parameters of interest are also depicted in Figs. 1. the
produce a constant electro-chemical -potential in the being,
smcture at thermal equilibrium. If the width of the charge a half the width of the parabolic well
distribution is large enough that quantum confinement b the width of each doped barrier layer
energies may be ignored, we recover the classical case of a tI the heighr of the parabola
uniform electron charge density, pe = -p. throughout the A2  the height of the barrier between the edge of th
region of the parabolic well occupied by the charge. We parabola and the doped barrier layer
thus obtain the jellium approximation. nd the barrier layer doping

The dielectric permittivity, e, in the equation above In a first-order approximation, if we assume tha
can be a function of distance z, through its dependence on uniform electron concentration 'n' exists in the well
the alloy composition of, say, the GaAs/AIx Ga,. As thermal equilibrium, we set the parabolic band bend
system used to experimentally realize such a parabolic resulting from this constant negative charge to cancel
potential. It is seen from the above equation to be simply a parabolic band offset prevailing in the original struct.
parameter that relates the local carrier concentration to the as:
local band curvature, and inasmuch as the relative dielectric 2
permittivity changes fairly little from -12.3 in the case of qna= .1 (eV)
Al 0.3Ga0.7As to -13.2 for GaAs. the deviations from the 2 e
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Fig., la. Layer structure, alloy composition and doping
distribution of the wide symmet-ic-parabolic Fig. lb. Energy-bnd diagram (not drawn to scale) for
well. The barriers axe doped to a width b at a the layer configuration shown in Fig. Ia. Bold
Conlcenntatiion n.lines show energy-band diagrm at thermal

equilibrium with the barrier layers doped to
ive flat-band conditions in the well. Dotted

lines depict the design parabola energy bandsTaking, for instance, n = 1.25x10 1 ' cmS .and 1 = (obtained by computer-controlled MEEB),
0.081eV, gives: a - 1OO0A. Besides, charge neutrality assuming no doping, uniform dielectric
requires that: permnivity and uniform effective electron mass

n a =fndb (3) through the layers. h1 is the depth of the

A doping of nid= 6.25x10 17 cmn" ives: b = 20A. conduction-band parabola, Az the barrier
With these design p, rameters, we expect near fizz between the edges of the conduction-band

conduction-band conditions to prevail in the well au theflreal parabola and the barrier layers. The width of
equilibrium. A computer simulation that assumes a certain the graded layer is la.
center-well concentration and on the basis of that
assumption, calculates the charge, field and potential
distributions, till the condition of charge neutrality is
satisfied in the structure, is expected to converge in such a drops across this cell are then obtained from Poisson's
flat-band state. The sheet charge in each barrier layer, ndb, equation and added to the local band bending (i.e. the
appears the most critical parameter affectig this ideal case, design parabola) to get the new band shape in the cell. The
and it would be instructive to study the effect of its process is repeated for successive cells through the end of
variation on the equilibrium band profile and well electron the doped barrier, where the field is monitored. Zero field
dismbution, at this point indicates convergence. A positive or negtive

To this end, the well is divided into a number of field implies that our initial guess was too high or too low.
sufficiently small cells. One guesses a center-well electron A correted guess at the center-well concentraton is then
concentration, which pins the Fermi level with respect to made and the above sequence of calculations carried
the conduction band at the center of the well The electron through. Using bisection, convergence is fairly rapid. A
concentration in the next cell is iteratively obtained from 3D parabolic density of states is assumed for the
the Joyce-Dixon approximation. The field and potential conduction band.

...... 
I
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Fig. 2s. Thermal equilibrium conduction-energy-band 0 20o 4oo oo mo 1000 1200
diagram and equilibrium fermi level for the z (A)
right half of the symmetric parabolic well and Fig. 2b. Electron distribution in the parabolic well at
for a set of parameters designed to give flat- thermal equilibrium for the design parameters
band conditions and uniform electron used to get the energy-band configuration in
distibution in the well at 300K: ,-0.081eV. Fig. 2. Temperature - 300Y_

ad-6.25x 107 cm "3 , am1000A. b-20, giving

n - 1.2x016 cm"3 . The design parabola is also
shown for reference. 10 - Tz3W!

E

The variation of both the dielectric permittivity. e(z), 0

and the electron effective mass, me(z), (as it occurs in the . "
conduction band effective density of states, No(z), that is '
used in the J-D approximation) in the well are easily .. .10
included in the above analysis. As stated previously, the

dielectric permittivity is simply a scaling factor. The local
elecon concentration. n(z). is direcdy proportional to the .20

local Nc(z), which in turn is proportional to (m*(z))1 5.  0 200 400 6;0 M0 10'00 1200

For the GaAs/AlxGa.xAs system. m* varies, Z (A)
approximately linearly, from - 0.07 m, for GaAs to - Fig. 2c. Electric field distribution for the right dipole

orA 7As (e ithfcreated by the sheet of positive donor ions in
0.0 9m for translas (here m is theharee electron &e barrier layer and the plasma of uniforml)
mass). This translates to a 0 on maximum change in the distributed electrons in the well. Field goes tc
electron concentration from the constant m* case. The zero at dipole boundaries as expected b
results presented in the current study assume constant c Gauss' law. An exactly symmetric but opposite
and m'. dipole exists in the left half of the well.

The results of a simple classical analysis, assuming a
temperature of 300K. are shown in Figs. 2. For a
particular set of design parameters. Figs. 2a, 2b and 2c other words, the sheet barrier charge) were chosen as per
show the band diagrams and equilibrium Fermi level. the the above analysis to give flat-band conditions and a
electron distribution and the electric field distribution, uniform electron concentation in the well at equilibriur"
respectively. The symmetry of the structure under analysis These are seen to be indeed the case from Figs. 2a and 2t
permits us to graph these values for just one half of the The electric field in Fig. 2c satisfies Gauss' law, going
structure. In Figure 2a. we use the term band diagram zero a, the boundaries, indicating net zero charge in th
(undoped) to denote the case where there is no doping in strucure; the equal positive and negative charges provide
the barrier layers and where the conduction band is by the doping are simply redistributed, the positive donc
consequently the design parabola. Fig. 2a shows the initial ions remaining immobile in the barrier layers and dY
and equilibrium band diagrams and the equilibrium Fermi electrons arranging themselves in the manner shown
level. The doping and thickness of the barrier layer (in Fig. 2b.
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Fig. 3a. 300K thermal equilibrium energy-band Fig. 4a. 77Kthermalequilibriumenergybauddiagrams

diagrams for the right half of the symmetric for the same set of design parameters and the
parabola for a range of barrier dopings from same range of barrier dopings used in Fig. 3.
nd/8 to 8 *nd' for the same set of design
parameters used in Fig. 2a. The lowermost
curve corresponds to S*n d. with doping
decreasing for each upper curve by a factor of 2 Io T. rnd

down to nj/. The topmost curve is the design 4"oi4

parabola. nt 2

10'.A n¢

,T, a 0K]m

t 0 200 400 600 00 1000 1200

z (A)

1104 "Fig. 4b. Electron distributions in the well at 77K
corresponding to the different energy bands in

0 4
1 - - -Fig. 4L
0 200 400 600 S00 1000 1200

z (A)
Fig. 3b. 300K thermal eqtziibriumelecuon distnbuons

Fig.i3b.n300 thermtalf uilibrim p ele n da parameter that is varied within each set. In each of thesein the right half of the parabolic well figures nd refers to the value calculated to give flat band
3a.The barrier dopings are indicated in the conditions at equilibrium. The doping is varied from n

figure. The electron distribution remains to 8*nd.
approximately constant over most of the well The main point to emerge from these figures is that
for the range of barrier dopings indicated, the the electron concentation over most of the parabolic well
excess or deficit being inserted in or extacted remains almost constant over the range of doping shown.
from the edges. At doping concentrations below n. , the electrons are lost

more from the edges of the well than from the center where
Figs. 3 thru 5 show the thermal-equilibrium energy. they are held approximately to their values at doping n . At

band diagrams and electron distributions at three different doping concentrations above n. , the extra electrons start
temperatures (300K, 77K. OK), for the above set of accumulating toward the edges, their values over most of
design parameters, with the barrer doping czncenucmuon as the well width again fairly constant at their values at
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0.3 oK 
V"°0 LM&. - 2 (4)

0.2 p.
The maximum VD is A 1, if the donor binding

energy in the doped barrier is -0 and the doping so high
21 that the band-bending in the barier is much less than ,.

C In the undoped design parabolic potential well, theu g* ,analysis for which was presented above, the spacing

between the energy-eigen values in the well is
.o ,,approximately constant at 4 meV. When the doping is
0 2oo 400 °oo Sao 1000 1200 smaller than the value required to give flat-band conditions

Z (A) in the well, the well is flattened, but still approximately

Fig. Sa. Thermal equilibrium energy band diagrams for parabolic in shape. the energy level spacing consequendy
di parabolic well at a temperature of OK for relucing by afactor -(&/) where 4, is the original
different barrier dopings and the same set of height of the undoped design parabolic potential well. and
design parameters used in Figs. 3 and 4. A the reduced height. When flat-band conditions are

reached, we have, of course, the case of a wide square
potential well of height A2' the barrier height, and for the

a s 8._ above design parameters the energy levels measured from

41 T OK ,'hA the well bottom go approximately as n2 %. where E0 -
rd 0.14 meV and n - 1. 2 ... are the various levels. For

-. rhigher doping, most of the well is flat and the above
energy levels for the flat-band case still hold. The

E t accumulation of elections at the well-edges with increasing
barrier doping results in potential notches at the edget
which perturbs these energy values. The energy in the
notches is certainly quantized for high doping and in the
case where these notches are at their narrowcst (for the

a 200 400 600 800 1000 1200 high doping Snd at OK - refer to Fig. 5a), the energ,
Z (A) levels for the above design parameters are approximatel.

Fig. Sb. Electron distributions in the well at OK 0.12 eV, 0.22 eV, ... AnE, (measured from the bottom o
corresponding to the different energy bands in the notch), where An is the n-th root of the Airy functior

Fig. 5a. and E - 52.7 meV.

doping n.. This suggests that, in these doping ranges, the 3. EXPERIMENTAL RESULTS
electron concentration over most of the well is determined
by the curvaure of the design parabola. The materials system that we have used in an atterm

These trends are evident in the structure at all three to realize the approximation experimentally is a GaAs
temperatmes, the approach to the ideal classical case AI1Gal. As heterostructure configuration containing
increasing with decreasing temperature. graded superlatuce and silicon-doped barrier layers. Bar

The maximum thickness, L.., of the uniform gap energies and electron affinities in these alloys a;
elecuon gas that can be obtained by the graded potential functions of alloy composition. Precision control ar
well technique described here is determined by the desired grading of the alloy composition is possible throul
charge density, p,. of the electron gas, the available barrier computer-controlled molecular beam epitaxy. Using th
height, and the lowest donor energy level in t.e doped principle, undoped parabolic quantum wells have bet
barner (measured from the bottom of the parabolic grown before8 and the well profile characterized throut
potential well), VD,as per: optical studies. The individual layers of the gradt
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parameter Value

a I 0.081eV

a2  0.laSeV

2a 2000A

b 100k

n 2.Ox1O 1 cm 3

setback 200k

X Al well-cestre 0

X
Al~well.edae 0.1

X 0.3

Table 1. Structural parameters of sample 1. Van der
Pauw measurements for which am presented in
this paper. (See text).

superlattice am sufficiently thin that electrons readily tunnel function of distance z from the center of the well, is given
through them, making 3D transport normal to the by:
superlattice layers possible in the wells considered in this
paper. L1a20A z 5

In the present study, a number of structur were - A)

grown in which a parabolically graded Al compositioo Van der Pauw measurements on this sample at a
profe was approximated by a constant-period superlamce temperature of 77K yielded a sheet carrier concentration.
in which the relative thicknesses of GaAs and = 3.7x1 elecmro/sm 2 and an electron mobility (Paralel

A10 3GaAs in each superlatice period were incremented to 10" ele and an cmbiit (ral

to yield an average composition that matched the desired to the ur c y2 0(
parabolic profile. A semi-insulating (100)-oriented GaAs temperature values were 3.9xl0 t t electrons/cm 2 and 5900
substrate at a temperature of 600 *C was used for the cmz/Vs.) In the presence of the potential curvature from
growth, which took place under arsenic-rich growth the aluminum composition gradient, these electrons should
conditions under a continuous flux of As4 from a solid As be distributed nearly uniformly to occupy most of the

mo, rce. The structural parameters of a sample (referred to potential well. The curvature of this parabolic well

henceforth as sample I) with a 2000A wide parabolic well corresponds to a constant positive quasi-charge density of

for which measurements are presented in this paper are - 1.2x1016 cm"3. implying a constant electron
shown in Table 1. The chopping period used was 20, concentration of the same value, on doping the barriers.
which, for an Al composition varying parabolically from Occupation of the well by the observed low-temperature
0% at the well-center to 10% at the well-edges implies that sheet charge density of 3.7x101t cm "2 then implies that
the duty-cycle Lz of the Al0 .3Gao.7As in each period, as a 50% more than the number of electrons required to give a

iI 0. I .II
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Parameter Value

A 2  0.143eV

2a 2000A

b 1oA1
n d  2.1x10 1 cm* 3

setback 200A

X At-wellcestre 0

AIwe|-v .dge 0.2

X At-balrrier 0.4

Table 2. Structural parameters of sample 2. Hall
measurements for which are presented in this
paper. (See text).

unitorrn carrier distribution in the -'. has been deposited wide square well are occupied, at this temperature. It i
in it. Our simulation results suggest that the excess interesting to note that given the width of the well and tb
electrons would be mostly inserted near the well-edges, consequent closeness of the energy-eigen values. th
whereas over most of the well width the concentration electron concenuaion calculated from the approximate 31
would be held approximately near the value determined by parabolic density of states for the conduction band, is on]
the curvature of the design parabola, viz. !.2x10"6 cm *3 . about 20% larger than if calculated from the 2D density c
The electrons near the well-edges will scatter more states, at this temperature.
strongly from the ionized impurities in the barricrs. In sample 2. the design parameters for which at
reducing the overall mobility of the 3D plasma. A larger listed in Table 2. fewer than the number of elector
setback and a more uniform electron distribution in the required to fill the well were deposited- The width of d
well (through a smaller doping ) should significantly parabolic well is the same as for sample 1. viz. 2000k. b,

enhance this mobility, the Al composition increases parabolically from 0% at tk
A Fall measurement (dark) on another part of sample well-center to 20% at the well-edges, implying twice t.

1 yielded a 1.6K mobility pe - 19.000 cm2 /Vs at a sheet curvature of the first parabola and corresponding theefc

concentration n, = 2.0x10 t cm 2 . This dccrease in to a uniform electron density of - 2.3x1016 cm 3

mobility and sheet concentration from 77K suggests the thermal equilibrium in the well. The 4.2K Hall mobiliti

presence of a highly-scattering ionized-impurity (parallel to the superlarmce layers) measured on this sa'im

concentration in the well in this sample. Optimized growth were 200.000 cm2/Vs (dark and light). The occupation

conditions should enhance the low temperature mobility. the well at this temperature by the measured electron sth

From the measured ns value at 1.6K above, we concentration of 2.1x10 11 cm "2 then implies that abc
deduce that the 4 lowest energy subbands in this 2000A- 930A of the central portion of the well is filled (ai

I It • Ii I l I l m I iN"
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uniform density of - 2.3x10 16 cm' 3), the result of We have grown and measured the mobilities of such
providing only about half the number of elecwrns required structures. The 77K mobility values are higher than or
to completely fill the well at the uniform concentration comparable to the mobilities at any temperature of similarly
determined by the parabola curvature. The 300K and 77K bulk-doped GaAs (typically 15,000 cm 2Ns at 77K for 1-2
mobilities of the electron gas in this sample were xl0 16 cm. 3 doping), illustrating the effect of the reduced

respectively 3900 cm 2/Vs and 56,000 cm 2 Vs, the ionized-imptrity scattering that the electrons would benefit
corresponding measured electron sheet concentrations from. given their isolation from the dopant ions.

being 5.38x101 1 cm"2 and 2.58x101t cm"2. The fact that
the electrons are bunched together about the well-center,
away from the doped barriers, will of course significantly
enhance their mobility. ACKNOWLEDGEMENTS We thank Hdrst St rmer
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Parabolic well structures have been proposed to produce thick spatially uniform regions of
dense high mobility electron gas. Wide parabolic GaAs/AlxGal-xAs wells were fabricated
using molecular beam epitaxy by grading the average Al concentraoon. These structures
have high mobility at low temperatures (It 5x104 to 2.5x 10 cm/Vsec) and show the
integer and fractional quantum Hall effect. Characteristic changes in the integer quantum
Hall effect and the longitudinal magnetoresistance in a 4000A wide well are measured as
the well is partially filled with electrons using persistent photoconductivity. These data
establish that up to three electric subbands of the well are occupied.



The ability to produce narrow two-dimensional (2D)
layers of high mobility electron gas in semiconductor
structures has permitted the study of the 2D electron gas in
strong magnetic fields under nearly ideal conditions, and
led to the discovery of the integer and fractional quantum
Hall effects I . The existence and form of the quantum Hall
effect in three dimensional samples, as well as possib e
collective phenomena induced by strong magnetic fieldsi,
are topics of considerable interest. However, despite many
interesting experiments, limited progress has been made for
the three dimensional (3D) electron gas in semiconductors,
due in part to the strong influence of thepotential from
dopant atoms. Notably, Stormer et. al. observed the
integer quantum Hall effect in a stack of weakly coupled
electron sheets in a layered GaAs/AlxGal.xAS
heterostructure.

Remotely-doped parabolic GaAs/AlxGal.XAs wells can
be used to produce relatively thick layers of high mobility
electron gas which are ptially uniform due to the action of
the parabolic poential4,. Very recently the 2D integer5,9
and fractional- quantum Hall effect (QHE) has been
measured in these structures in the high field regime for
which only one electric subband is occupied. We report
here measurements of the integer quantum Hall effect and
longitudinal magnetoresistance R" for a thick (>1000 A)
electron layer in a parabolic GaAs/AlxGal.xAs well.
Persistent photoconductivity was used to study both the
QHE and longitudinal magnetoresistance as the well was
filled with electrons. These data show that filling of the
well occurs at essentially constant Fermi energy while the
subband energy decreases due to increased width of the
electron layer, and show that more than one subband is
occupied for the integer quantum Hall effect.

Figure 1 is a schematic illustration of the conduction
band edge vs. position for empty and partially-filled
parabolic wells4 . For the empty well in Fig. la, the
parabolic potential of depth AI is confined by a barrier of
height A2. Remotely located dopant layers in the barrier are
used to fill the well with electrons. The essential idea
needed to understand the filling of the well is that the
parabolic potential is identical to that produced by a
spatially-uniform posityvey charged background of 3D
density n+ = 2A/ Ie' w z . The electrons act to screen
this fictitious positive charge as they enter the well. When
the well is full, the electron density n is constant and equal
to the design density n+ over the entire width of the well,
and the total potential is simply that of a square well of
width w and depth A2 in the Thomas-Fermi approximation.
Even when the well is partially full, as in Fig. lb, the
electrons act to screen the parabolic potential and create a
thinner slab of comparable density n a n+ over part of the
width we as indicated. For this case the total potential
approximates that of a square well of width we. As the
well is filled with electrons, the width we of the electron
layer increases while the density n remains approximately
constant. Thus this process is self correcting and does not
require precise control of the doping to generate



spatially-uniform electron density profiles. These concepts
are general, and can be used to create density profiles other
than those in Fig. 1.

When a relatively small number of electric subbands of
the well are occupied, as for the data discussed below, the
discrete spectrum of electron energy levels in the well
becomes important. To a first pproximation, this is the
energy spectrum En = n2 (h/we)L/8me of a square well of
width equal to the thickness we of the electron layer. As
the well fills with electrons and the electron layer becqmes
wider, the separation of these levels decreases as i/we'. If
more than one subband is occupied, the Fermi energy Ep
changes relatively little as the well is filed, as for the 3D
limit. Thus the number of occupied subbands increases
while the Fermi energy remains approximately consTnt.

Parabolic well heterostructures were grown using
molecular beam epitaxy on semi-insulating GaAs
substrates. The parabolic potential was created by changing
the relative thickness of alternating GaAs and
A1O3GaO7As layers in a fine superlattice of period 20 A,
with a AIO.3Ga 9 .7As barrier. Electrons were deposited in
the well from Si-doped layers in the barrier symmetrically
set back from both sides of the well. Five structures have
been grown and characterized to datq witl low temperature
mobility as large as gH = 2.5xlO cm LVsec. For the
structure discussed here the well parameters are: width
w = 4000 A, parabolic well death AI = 150 meV (for
which n+w = 2.2x10 1 1 cm-'), and barrier height
4 2 = 75 meV.

Parabolic well samples were prepared in a Hall bar
geometry defined using optical lithography. Electrical
contacts were made by applying small amounts of In to the
contact pads and baking at 400 C for- 5 m in a reducing
atmosphere. The samples were mounted stress-free and
cooled in the dark to T = 50 mK in a He dilution
refridgerator. Magnetic fields to H - 7 Tesla were applied
using a superconducting solenoid, and the Hall resistance,
and the transverse and longitudinal magnetoresistance were
measured using lock-in techniques. Typical values of the
applied current were - 20 nA. Low field Hall effect
measurement wkre used to determine the mobility
9H = 4.4x10l cm-Nse and the areal electron density
nH = 0.78x101 1 cm" at low temperatures before
illumination. These measurements indicate that the well is
partially full as grown with nH/n+w = 0.36. Additional
electrons were introduced into the well using persistent
photoconductivity by illuminating the sample in situ with a
light-emitting diode.

Figure 2 presents plots of the transverse
magnetoresistance Rxx and the Hall resistance Rsy before
(Fig. 2a) and after (Fig. 2b) a period of illuminat6n. Hall
data at low magnetic fields H < 1 Tesla determine the
ardil density, which increases substantially after
illumination to nH - 1.12xl0 cm- . However, the
position and period of Shubnikov de Haas oscillations in
the magnetoresisiance remain practically unchanged, as
shown in Fig. 2. Ihus the cross sectional area of the Fermi



surface perpendicular to the field remains essentially
constant, unlike the 2D case. In addition, the low field
Shubnikov de Haas oscillations are not simply periodic
after illumination. From the fast oscillation period in I/H
for Figs. 2a and 2b, we obtain the Fermi energy
EF = 2.8 meV of the electron gas in the well relative to
the bottom of the lowest subband. The fact that the
Shubnikov de Haas oscillations do not change as the areal
density increases is direct evidence that more than one
subband is occupied; for a 2D sample the oscillation period
and Fermi energy both increase linearly with areal density.
Longitudinal magnetoresistance measurements discussed
below indicate that two subbands are occupied as grown,
increasing to three following a period of illumination
comparable to that for Fig. 2b.

A well defined integer quantum Hall effect is observed
at higher fields both before and after illumination as shown
in Figs. 2a and 2b for data taken at T = 50 iK. 'road
flat steps in the Hall resistance Rxy = (1/v)h/e are
observed at integer values of the filling factor v, which
determines the number of spin split Landau levels below the
Fermi energy. The magnetoresistance vanishes Rxx -- 0
at magnetic fields corresponding to Hall steps both before
and after illumination. The small values of Rxx at Hall
steps are evidence that electrons responsible for the Hall
and magnetoresistance data in Fig. 2 are located in the well
rather than in possible parallel conduction paths created by
illumination.

It is interesting to consider the effect of increased areal
density on the quantum Hall effect. As shown in Figs. 2a
and 2b, both the Hall and magnetoresistance decrease with
illumination as expected for a greater number of carriers.
However, the position in magnetic field of the steps
remains relatively unchanged at lower fields with increasing
areal electron concentration, unlike the 2D case. For
example, the location of the v = 4 step in Fig. 2a remains
at the same field after illumination in Fig. 2b, as the filling
factor increases to v = 6, indicating the addition of one
Landau level below EF. We interpret this increase in v as
the lowest Landau level of the second subband crossing
below the Fermi energy at H - 0.8 Tesla. With
increasing illumination the v = 2 step in Fig. 2a decreases
in width and a v - 3 step appears and grows in width until
the v = 2 step disappears entirely as in Fig. 2b. For a
further increase in illumination the v = 2 step reappears.
The absence of a v = 2 step is unusual for the 2D case, but
can be interpreted here as a crossing of spin-split Landau
levels of the first and second subbands. These changes
illustrate how the integer quantum Hall effect occurs in a
thick layer of electron gas with more than one subband
occupied.

Measurements of the longitudinal magnetoresistance
Rzz for the same sample at T = 50 mK with the magnetic
field oriented parallel to the current direction are shown in
Figs. 3a to 3e after progressively longer periods of
illumination, which approximae'y correspond to the range
between Figs. 2a and 2b. The presence of Shubnikov de



Haas oscillations in the longitudinal magnetoresistance at
low magnetic fields shown in Fig. 3 is direct evidence that
more .han one subband of the well is occupied. Yoshino
et. al.4 have studied how the energy levels of a square well
shift with a longitudinal magnetic field. They fknd that the
nth subband of a square quantum well En = n4E I at low
field becomes the (n - l)th Landau level (n - I/2)ho.c/2x
at high fields of a fan originating from an energy E1 below
the lowest subband at zero field. A peak in the longitudinal
magnetoresistance is expected whenever the Fermi energy
crosses one of these subbands; thus the number and
location of peaks in R, determines the subband occupation
in the longitudinal orientation. Note that a given subband
empties at different fields for the longitudinal and the
transverse orientati is, because the total energy is different
for these two cases$. Before illumination, in Fig. 3a, one
peak is observed in the longitudinal magnetoresistance at
H = 0.7 Tesla, indicating that two subbands are occupied
in the well as grown.

For a parabolic well, the number of occupied subbands
is expected to increase with illumination, while the Fermi
energy remains essentially constant. This occurs as the
width we of the electron layer increases and the energy
scale E1 I/we2 of the spectrum decreases, introducing
new subbands below EF. These characteristics are
confirmed by the longitudinal magnetoresistance data in
Fig. 3. After increasing periods of illumination in
Figs. 3b to 3e, the peak in Fig. 3a remains near the field
H =0.8 Tesla. This is evidence that the Fermi energy
changes relatively little, because the energy of a filling
subband is rapidly dominated by the magnetic term which
does not change with E1 . A second peak appears in
Fig. 3d at H = 0.3 Tesla after a period of illumination
comparable to that for Fig. 2b. This indicates that a third
subband has been introduced below the Fermi energy as
expected for an increase in width of the electron layer.

These data demonstrate that the parabolic well
technique2 ,4 can be used to create thick layers of dense,
high mobility electron gas. As the number of occupied
subband increases, we observe characteristic changes in the
integer quantum Hall effect.
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FIGURE CAPTIONS

Fig. 1 Schematic illustration of the conduction band edge
vs. position for a parabolic well structure.

Fig. 2 Integer quantum Hall effect in a wide parabolic well:
transverse magnetoresistance and Hall resi tancl (a) before
illumination, areal density n = 0.7 xl011 r; (b) after
illumination, nH = 1.12x 10 1cm-1 .

Fig. 3 Longitudinal magnetoresistance for a paraboli well
(a) before illumination, density n = 0.78x10 1 1cm-', and
after illumination (b) nH =&.95x10 11 cm- 2 ; (c)
nH = 1.07xL0 1 1cm-2 ; (d) and (e) nH 1.12x101 lcm-
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Parabolic GaAs/AlxGal-xAs wells are used to create thick

(> 1000 A) spatially uniform layers of electrcn gas with low

temperature mobility g = (0.2 to 2.5)x105 cm2/Vsec. These

structures exhibit both the integer and fractional quantum Hall

effect. Measurements of the integer quantum Hall effect in a

4000 A wide parabolic well as the well is partially filled with

electrons are used to study the transition from two toward three

dimensional behavior.



A three dimensional electron gas in a strong magnetic field at

low temperatures is predicted to show interesting phenomena when

the electronic charge is cancelled by a uniform positive

background. These include the quantum Hall effectl, 2 and possible

collective electronic states3 . Because electrons in doped

semiconductors interact strongly with the background of positive

point charges, producing magnetic freezeout, unambiguous

experimental tests of these predictions have been difficult to

make 3 .

Remotely doped parabolic GaAs/AlxGal-xAs wells can be used to

create relatively thick (> 1000 A) layers of electron gas3 - 7 with

low temperature mobility as high as5 g - 2.5x105 cm2 /Vsec, which

do not freeze out in strong magnetic fields5 . These structures

show both the integer 5 - 7 and fractional 5 quantum Hall effect. In

this letter we report magnetotransport measurements on a 4000 A

wide parabolic well as it is partially filled with electrons using

persistent photoconductivity. The data show that the well fills

at constant Fermi energy via an increase in width as expected for

a spatially uniform slab of constant density, and they show how

the integer quantum Hall effect changes in the transition away

from two dimensions as the slab becomes thicker.

Figure 1 illustrates the conduction band edge vs. position for

empty and partially filled parabolic wells
4 . For the empty well

in Fig. la the parabolic potential of depth A1 is confined by a

2



barrier of height A2 . Remotely located dopant layers on both

sides are used to fill the well with electrons. The parabolic

potential in Fig. la is identical to that produced by a three

dimensional (3D) spatially uniform slab of positive charge of

density n+ = 2eAi/Xe 2 w2 . The electrons act to screen this

fictitious charge as they enter the well. When the well is full,

the electron density n is constant and equal to the design density

n+ in the limit that many electric subbands are occupied. The

total self-consistent potential is then just that of a square well

of width w and depth A2 . Even when the well is partially full, as

in Fig. lb, the electrons screen the parabolic potential and

create a thinner slab of comparable density n = n+ over part of

the width we as indicated. As the well fills with electrons, the

width we of the electron layer increases while the density and the

Fermi energy EF remain approximately constant. This process is

self correcting and does not require precise control of the doping

to create spatially uniform electron density profiles. These

concepts are general4 , and can be used to create density profiles

other than those in Fig. 1.

It is also interesting to consider filling of a parabolic well

when the number of occupied subbands is not large, as for the

experiments presented here. For a wide well partially filled with

a dense electron gas, the electrostatic energy is typically much

larger than the kinetic energy (Ai - 150 meV, and EF - 2.8 meV for

3



the data below). The electronic wavefunctions Ai(z) thus tend to

flatten at the expense of additional kinetic energy in order to

produce a more uniform charge distribution and reduce the pseudo

electrostatic energy 8 . For example, n(z) in Fig. lb could also

illustrate the spatial profile of the charge density when only one

subband is occupied. As for the semiclassical case, this process

is self correcting, and can be used to produce other wavefunction

profiles.

The energy spectrum Ej of a partially filled parabolic well

roughly approximates that of a square well ESj - j2EO of width we

equal to that of the electron layer, with Eo - (h/we)2/8me and

me 0.067 mo . However, when only a few subbands are occupied,

their energies are significantly shifted upward due to the

increased kinetic energy associated with bending and flattening

the wavefunction 8 . When more than one subband is occupied,

filling of the well is expected to occur at approximately constant

Fermi energy EF - El, corresponding to constant density, while the

separation between two given subbands decreases as the electron

layer becomes wider. The number of occupied subbands increases

while the Fermi energy remains approximately constant.

We have studied five parabolic well structures with low

temperature Hall mobilities between 9H - 2xi0 4 cm2 /Vsec and

9H 2.5x10 5 cm2/Vsec, and with widths from w - 1000 A to

w = 4000 A. We present data here for a 4000 A well with
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PH - 5x10 4 cm2/Vsec and design parameters A, = 150 meV (for which

n+w - 2.2xi011 cm- 2 ) and A2 - 75 meV. These structures were

grown4 using molecular beam epitaxy on semi-insulating GaAs

substrates. The parabolic potential was created by changing the

relative thickness of alternating GaAs and Al0 .3Ga0 .7As layers in

a fine superlattice of period 20 A so that the average Al

concentration varied parabolically from x = 0 in the center to

x - 0.2 at the edge of the well. Electrons were deposited in the

well from Si doped layers symmetrically set back 200 A from both

sides of the well in the Al0 .3Ga0 .7As barrier.

Photolithographically defined Hall bars with dimensions

0.Smmx5mm were prepared with In electrical contacts, produced by

baking for 5 minutes at 400 *C in a reducing atmosphere. The

samples were mounted stress free and cooled slowly in the dark in

a dilution refrigerator equipped with a 7 Tesla superconducting

solenoid. Measurements of the transverse Hall and

magnetoresistance Rxy and Rxx with the magnetic field

perpendicular to the plane of the sample, and the longitudinal

magnetoresistance RL.with an in plane magnetic field, were made

using lockin techniques and recorded in a computer; typical values

of the applied current were I - 30 nA. Between the transverse and

longitudinal data sets below, the sample was warmed to room

temperature for remounting. The measured low temperature areal

Hall density was nH - 0.78x1011 cm-2 before illumination,

5



indicating that the well was roughly 1/3 full as grown with

nH/n+w = 0.36. Electrons were added to the well by illuminating

the sample in situ in zero magnetic field with a light-emitting

diode.

Measurements of the longitudinal magnetoresistance RL with the

magnetic field in the plane of the sample and parallel to the

current direction were used to determine the number of occupied

subbands. Figure 2 illustrates the magnetic field dependence of

the bottoms Ej of the subbands of a square well 9 with an in plane

magnetic field H, for two different energy level separations,

adjusted to fit the data shown in Figs. 3 to 5 below. The

energies Ej smoothly change from the energy levels of a square

well ESj = j2 (h/we)2/8me to the corresponding levels of a Landau

fan EHj = [(j - 1) + 1/2]hO)c/ 2X as H increases 9 . For purposes of

illustration, the interpolation formula Ej = (Esj2 + EHj2 )1 /2 is

shown in Fig. 2; numerical calculations9 for square wells yield

similar results for Ej. Transverse Shubnikov de Haas measuzements

for low magnetic fields (see Fig. 4 below) show that the Fermi

energy EF - E1 - 2.8 meV in Figs. 2a and 2b remains nearly

constant as the well is filled. Following Yoshino et. al. 9 we

associate each peak in RL with a crossing between EF and the

bottom of a subband Ej with j > 1. The use of another point on

the oscillation (for example dips) does not qualitatively change

our conclusions.
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Longitudinal magnetoresistance data taken at T = 50 mK are

shown in Fig. 3a before illumination, and in Figs. 3b and 3c after

increasing periods of illumination. The data before illumination

in Fig. 3a show a single peak in RL near H = 0.7 Tesla indicating

the transition from two occupied subbands to one, as illustrated

in Fig. 2a. As electrons are added to the well in Figs. 3b and

3c, this peak moves relatively little as expected for constant

Fermi energy, and a new peak is introduced at lower fields

corresponding to the transition from three to two occupied

subbands (Fig. 2b). These data demonstrate that two subbands of

the well are occupied as grown, and confirm that a parabolic well

fills with electrons by decreasing the separation of the subbands

while the Fermi level EF - E1 remains relatively constant.

Figures 4 and 5 present measurements of the transverse Hall and

magnetoresistance Rxy and Rxx at T = 50 mK after increasing

periods of illumination approximately corresponding to the range

in Figs. 3a to 3c, based on the resistance Ro in zero magnetic

field. The Shubnikov-de Haas oscillations in Rxx shown in Fig. 4

show that the Fermi energy EF - El = 2.8 ± 0.1 meV remains

essentially constant as electrons are added to the well, while the

zero field resistance drops by a factor - 2 and the number of

occupied subbands increases from 2 to 3. This Fermi energy is

larger than one would naively expect for a square well of width

We - nH/n+ - 1500 A corresponding to the measured Hall density.

7



We attribute the difference in part to an increase in energy

spacing of the subbands due to distortion of the wavefunctions in

order to minimize their electrostatic energy, as described above.

The low field Hall resistance Rxy in Figs. 4a to 4c decreases

continuously with illumination and exhibits quantum Hall effect

steps. The measured areal Hall density nH increased with

illumination from nH = 0.78x10 11 cm-2 to nH - 1.12x1011 cm-2 over

the range shown in Figs. 4a to 4c. Because few subbands are

occupied, nH underestimates the true areal density ns; higher

subbands with lower mobility contribute relatively less to nH 10.

A plot of nH vs. Ro flattens near Ro - 2000 0, before the

illumination corresponding to occupation of a third subband in

Fig. 3c.

Figures 4 and 5 display well developed quantum Hall plateaus

Rxy = h/ve2 at integer filling factors V. The magnetoresistance

Rxx approaches zero at Hall steps both before and after

illumination, evidence against the possible formation of parallel

conduction paths. A plot of the Landau levels for the transverse

case neglecting spin splitting is shown for comparison in Figs. 6a

and 6b: the electric subband energies and the Fermi energy EF - El

shown are the same as for Figs. 2a and 2b respectively, and they

correspond approximately to the range of illumination for the

transverse data. Whenever the Fermi energy lies in a band of

localized states between Landau levels, a quantum Hall step will

8



occur with filling factor V equal to the number of spin split

Landau levels below EF, according to conventional theory1 .

Figures 4 and 5 demonstrate how the quantum Hall effect changes

in the transition from two toward three dimensions as the electron

layer becomes thicker and more subbands are occupied. Before

illumination in Fig. 5a, well developed Hall plateaus are seen in

the data for v = 1, 2 and 4. Comparison with Fig. 6a suggests that

these are for the two dimensional case with only the lowest

electric subband occupied. As the number of electrons in the well

is increased in Figs. 5b and 5c, an additional Hall step appears

at v - 3, and the step at v - 2 weakens and disappears entirely.

Comparison with Fig. 6b suggests that this change is caused by the

introduction of a spin split Landau level from the second subband

below the Fermi level. After additional illumination the V - 2

step reappears. Over the same range of illumination in Figs. 4a

to 4c and in Figs. 5a to 5c, the V - 4 step first disappears, then

reappears as a V - 6 step at the same magnetic field, due to the

introduction of an unsplit Landau level from the second subband

beneath the Fermi energy (Fig. 6). Thus the location of the

quantum Hall steps remains fixed due to the constant Fermi energy,

while the filling factor increases with thickness of the electron

layer. In the conventional picture1 quantum Hall steps disappear

for a sufficiently thick electron layer when the cores of extended

states from the corresponding Landau levels overlap.

9
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FIGURE CAPTIONS

Fig. 1 Schematic illustration of the conduction band edge vs.

position for a parabolic well (see text).

Fig. 2 Longitudinal subband energies vs. magnetic field for

square wells of increasing thickness: (a) E2 - El - 2.25 meV, (b)

E2 - El - 0.95 meV. The zero field Fermi energy EF - E1 - 2.8 meV

is indicated in both (a) and (b).

Fig. 3 Longditudinal magnetoresistance: (a) before

illumination, zero field resistance Ro = 3650 Q, (b) after

illumination: Ro - 2050 Q, (c) Ro = 1500 Q.

Fig. 4 Transverse Hall and magnetoresistance: (a) before

illumination, Ro = 3540 0, after illumination: (b) RO = 2120 ,

(c) Ro - 1800 Q.

Fig. 5 Transverse Hall and magnetoresistance: (a) before

illumination, Ro = 3540 f , after illumination: (b) Ro = 2120 ,

(c) Ro - 1800 Q.

Fig. 6 Transverse Landau levels for square wells of increasing

thickness: (a) E2 - E1 - 2.25 meV, (b) E2 - E1 - 0.95 meV. The

zero field Fermi energy EF - E1 - 2.8 meV is indicated in both (a)

and (b).
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Quantum Hall Effect in Wide Parabolic GaAs/AlxGal-xAs Wells
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1. INTRODUCTION

The ability to produce narrow two-dimensional (2D) layers of
high mobility electron gas in semiconductor structures has
permitted the study of the 2D electron gas in strong magnetic
fields under nearly ideal conditions, and led to the discovery
of the integer and fractional quantum Hall effects (1]. Despite
many interesting experiments, comparable progress has not been
made for the three dimensional (3D) electron gas in
semiconductors, due in part to the strong influence of the
potential from dopant atoms. Remotely-doped parabolic
GaAs/Al Gal_xAs wells can be used to produce relatively thick
(>1000 A) layers of high mobility electron gas [2,3] which are
spatially uniform due to the action of the parabolic potential.
We report here high magnetic field measurements of both the 2D
integer and fractional quantum Hall effects for a
partially-filled wide parabolic GaAs/AlxGal-xAs well [2] with
very high low temperature mobility gL - 2.5x10 5 cm2/Vsec. These
measurements demonstrate both the feasibility of the parabolic
well technique and the high quality of the structures.

2. DENSE ELECTRON GAS IN WIDE PARABOLIC WELLS

Figure 1 is a schematic illustration of the conduction band
edge vs. position for empty and partially-filled parabolic
wells. For the empty well in Fig. la, the parabolic potential
of depth A1 is confined by a barrier of height A2. Remotely
located dopant layers in the barrier are used to fill the well
with electrons. The essential idea needed to understand the
filling of the well is that the parabolic potential is identical
to that produced by a spatially-uniform positively charged
background of 3D density n+ - 2EAl/ne2w2 . The electrons act to
screen this fictitious positive charge as they enter the well.
When the well is full, the electron density n is constant and
equal to the design density n+ over the entire width of the
well, and the total potential is simply that of a square well of
width w and depth A2. Even when the well is partially full, as
in Fig. lb, the electrons act to screen the parabolic potential
and create a thinner slab of comparable density n E n+ over part
of the width we as indicated. For this case the total potential
is approximately that of a square well of width we. Thus this
process is self c.rrecting and does not require precise control
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Fig. 1 Illustration of the spatial profile of the conduction
band edge for (a) empty and (b) partially full parabolic wells

of the doping to generate spatially uniform electron density
profiles. These concepts are completely general, and can be
used to create density profiles other than those in Fig. 1.

Parabolic well heterostructures were grown (2] using
molecular beam epitaxy on semi-insulating GaAs substrates. The
parabolic potential was created by changing the relative
thickness of alternating GaAs and Al0 .4Ga0 .6As layers in a fine
superlattice of period 20 A, with a A1O. 4GaO.6As barrier.
Electrons were deposited in the well from Si-doped layers in the
barrier symmetrically set back from both sides of the well.
Five structures have been grown and characterized to date. For
the structure discussed here the well parameters are: width
w = 2000 A, parabolic well depth A1 - 155 meV (for which
n+- 2.25xl01 6 cm-3 ), and barrier height A2 - 143 meV. Low
field Hall effect measurements were used to determine the
mobility i - 2.5x10 5 cm2/Vsec and the areal electron density
n2D - 1.9x10 11 cm-2 at T - 1.5 K. These measurements indicate
that the well is partially full with we - n2D/n+ E 800 A.

3. QUANTUM HALL EFFECT

Parabolic well samples were prepared in a Hall bar geometry
defined using optical lithography. Electrical contacts were
made by applying small amounts of In to the contact pads and
baking at 400 C for - 5 min in a reducing atmosphere. The
samples were mounted stress-free and immersed in liquid 3He in a
pumped 3He cryostat. Strong magnetic fields to H - 20 Tesla
were applied using a Bitter magnet, and the Hall resistance and
transverse magnetoresistance were simultaneously measured and
recorded using separate PAR 113 preamplifiers and a digital
lock-in technique with a microcomputer. Typical values of the
applied current were - 1 ILA.

Figure 2 presents Hall effect and magnetoresistance data
which clearly show both the integer and fractional quantum Hall
effects. Here the Hall resistance and magnetoresistance
measured at the temperature T - 0.5 K are plotted vs. magnetic
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Fig. 2 Integer and fractional quantum Hall effect at T - 0.5 K
for a partially-filled parabolic well in the two-dimensional
high field limit

field H over the ranges 0 to 8 Tesla and 0 to 20 Tesla. Because
the degeneracy of the lowest Landau level of the lowest sub-band
of the well is sufficient to contain the measured areal density
n2D for H > 4 Tesla, the electron gas is expected to be two
dimensional at moderately high fields. Well developed Hall
plateaus for the integer quantum Hall effect are shown at
filling factors v - 1, 4 and 8 as indicated in Fig. 2, and
indications of developing plateaus in both the Hall effect and
magnetoresistance occur for V - 2, 3, 5, 6, and 7. The Hall
resistances and fields associated with these steps are in
agreement with 2D theory. However, the Shubnikov-de Haas
oscillations in the magnetoresistance at fields H < 1 Tesla are
not simply periodic, suggesting that more than one sub-band may
be occupied at the lowest fields. Plateaus are seen for the
fractional quantum Hall effect at V - 2/3 and v - 1/3 (cut off
by limit of the field sweep) and suggested at v - 3/5 and 4/5,
in agreement with 2D theory. The integer quantum Hall effect
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has also been observed at a higher temperature T - 1.5 K in
samples from 3 of the 4 other parabolic well structures studied.

Figure 3 is a plot of the longitudinal magnetoresistance of
the same sample at T - 0.5 K with the magnetic field parallel to
the current direction. The presence of a Shubnikov-de Haas
oscillation peak in Fig. 3 suggests that at least two sub-bands
of the well are occupied below H - 1 Tesla. This result is
consistent with the filling of a square well of width we by the
measured areal density n2D. The spectrum for this case is
En  n2E o with Eo - 0.8 meV and the Fermi energy from n2D is
EF -E o - 5 meV, which predicts that two sub-bands are occupied.
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A very high frequency local oscillator for heterodyne mixing comprises a

plurality of parabolic quantum wells with energy levels resembling harmonic

oscillator devices, wherein an electran current is introduced among the wells

thereby accelerati-g the electrons into higher energy levels such that they

emit monochromatic submillimeter wave radiation corresponding to transitions

between the energy levels in a manner analogous to cyclotron emission without

high magnetic fields.

fL. Me Disclosure

me Probl

There exists a critical need for efficient local oscillators for

heterodyne mixe s operating in the 300 to 3000 GHz region. Applications

include space-based submillimeter wave imaging arrays, airborne

atmospheric spectroscopy, all-weather imaging radar, non-destructive

testing, plasma diagnostics, weapon and contraband detection, and

comiunications.

Such local oscillators must have reasonable power (in the range of

milliwatts up to watts) and are required to cover a wide spectral range.

Lasers developed for this purpose are (individually) restricted to

essentially one single wavelength. Some tunability can be achieved by

optical techniques, but only over very limited bandwidths. Microwave

generators, such as carcinotrons, do not operate efficiently at

wavelengths shorter than one millimeter, and are excessively heavy,
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consume considerable power, and have short lifetimes, restricting their

use in flight missions.

Available solid state oscillators, such as GaAs Gunn diodes, and
IMPATrs, are highly efficient and tunable, but are limited to
frequencies up to about 75 and 150 G{z, respectively. Likewise, recent
research on quantum well negative differential resistance oscillators
projects to only comparable power-frequency performance. Higher
frequencies can be achieved by generating harmonics of the solid state
oscillator frequencies using solid state nonlinear devices such as GaAs
varactors or varistors. This approach is limited by the reduced power
output at the higher harmonic frequencies. This latter limiitation is
being partially overcome by developing device arrays to increase the
total power output (Ref. 1,2). Ultimately, the device cut-off frequency
will still limit this approach to frequencies not much greater than 1000
GHz.

The Solution

The solution is to use parabolic quantum wells with harmonic oscillator-

like energy levels.

Description and Exqlanatiai

The concept of this proposal offers the potential of highly efficient solid
state oscillators that are tunable over the entire subIllimeter wavelength
spectrum and beyond. The concept Is related to earlier work (Ref. 3) which
showed that such radiation can be generated by passing a current in a 2D
electron gas of a heterojunction. Two types of emission processes have been
demonstrated: The first process is a single particle excitation due to radiative
transitions between Landau levels in a magnetic field called cyclotron
emission. The secondf process is the radiative decay of collective 2D plasma
oscillations, in this case a grating structure is required next to the 2D
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electron gas to couple out the radiation. Although of scientific interest, the
above processes are not likely to lead to efficient local oscillators for mixers.

We propose using parabolic quantum wells with harmonic oscillator-lk.
energy levels such as shown in Fig.la. Such parabolic quantum wells have been
grown (Ref.4) by molecular-beam-epltaxy (MBE) with appropriate grading of the
Al composition of (AI,Ga)As. By Introducing an electron current along these
quantum wells, the electrons can be accelerated Into the higher levels and
emit monochromatic submillimeter wave radiation corresponding to transitions
between the levels. This process would be analogous to cyclotron emission but
without the need for a high magnetic field.

The parabolic quantum well (in the conduction band) contains energy
levels

En - (n-1/2) hm ,()

where n - 1,2,3,etc. and

wo = .I(K/m*), (2)

with m* the electron effective mass and K equal to the curvature of the
parabolic well. From Eq. (1) the transitions corresponds to the energy level
difference hw, . We can predetermine this emission energy by choosing K (see
Eq.(2)] -- determined by appropriately grading the Al composition in the well.

In order to provide a tunable oscillator, we further propose grading the value of
K. A convenient choice is to vary K by varying the potential of the well U
exponentially, as depicted in Fig. lb and expressed by

U -W [ e- z/a + (z/b) (I -e-b/a)] (3)
-W(e - z/a+z/b), b/a>) 1.

This well potential gives a value of K ( equal to d2U/dz 2) at the potential
minimum of the well which varies linearly with applied field F ; that is

K(F) - (W/b - F)/a. (4)

Page 3



JPL & NASA Case No. NP0-17754

JPL Log No. 7256

UNNMAE S E MUMEIE WAVE G

Since the electrons will populate states at the minimum well potential, they
will be excited into the transitions hug corresponding to the value of K given

by Eq. (4), and can thus be tuned by adjusting the field accordingly.

If a large sheet density of electrons nS Is introduced into the well, the
electron space charge will flatten the potential at the bottom of the well by a
width Az given by

,Z = enslcK (5)

where e is the electron charge and t is the well permittivity. This effect will
cause a shift In the emission frequency at high Injection levels of ns due to the
barrier assymmetry. This may ultimately limit the maximum value of ns and
thus the maximum power output per quantum well. However, multiple quantum
wells can be provided for increased total power output.

For a tunable range of from 300 to 3000 GHz, typical values of well
potential parameters might be a = 250 A, b- 1800 A, and W - 0.5 eV. The
maximum applied fields required with these parameters is 27.5 KV/cm and -7.5
KV/cm corresponding to the frequencies of 300 and 3000 GHz, respectively.
These values of fields fall well within normal device operating limits.

Figure 2 illustrates the band diagram of a possible device configuration
consisting of two exponential wells with a field applied. The field Is obtained
by applying a voltage bias V, accross the total (AI,Ga)As region of thickness d,
giving

F = Vg/d. (7)

The substrate is doped n+ to provide contact to the underside of the
barrier/quantum well layers.

Figure 3 illustrates a possible device stucture, again with just two
wells. The Al composition x of the AlxGa,_xAs layers (AlGaAs in the figure) is

typically about 0.4 in the barrier layers and graded to appropriately lower
values in the exponential wells. The heavily doped N regions In the AlGaAs
provide a means for injecting electrons into the wells. Al contacts are
provided to the source, common gate-drain, and back contact as shown. The
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voltage Vg Is applied to the common gate-drain contact to determine the field
given by Eq.(7) and thus the emission frequency, by Eqs. (2)and (4). The voltage
V +Vs Is applied at the source to inject electrons into the wells with a current
(and electron heating) sufficient for the desired emission output, but without
excessive linewidth broadening. Again, more wells could be added to increase
the output power.

The emission will radiate outward along the plane of the quantum wells.
It can be collected or focused with conventional quasi-optical antennas or
reflectors. By placing the device inside a cavity with appropriate reflectors,
and if there is sufficient gain through stimulated emission, It may also be
possible to achieve laser action. The device would then perform as a laser
which could be tuned through the numerous cavity modes over a wide spectral
range.
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FIg. 3. Cross section of possible device structure
Cnot to scale)

Page 8


